Myrmecridium hiemale sp. nov. was isolated from snow-covered alpine bare soil and is described as the first eurypsychrophilic species of this genus of filamentous fungi. Colony growth temperature experiments were carried out in the range 4-37 C. Morphological characteristics and colony appearance were in accordance with characteristics typical for Myrmecridium, but M. hiemale does not grow at temperatures of 25 C and above. Sequence analyses of the internal transcribed spacer and LSU rRNA D1/D2 regions indicated that the strain in question represents a distinct taxon within the genus Myrmecridium (Myrmecridiaceae, Sordariomycetes, Ascomycota). The type strain of M. hiemale is CBS 141017
INTRODUCTION
Cold-adapted fungi have successfully colonized habitats such as Arctic, Alpine and Antarctic areas, glaciers and the deep seas. They have developed particular physiological modifications, for example in enzyme activity, membrane fluidity and transport, as well as cold denaturation of proteins in order to survive and proliferate at low temperatures (D'Amico et al., 2006) . Therefore, cold-adapted fungi have become important sources for the discovery of novel bioactive secondary metabolites and enzymes (Margesin & Fell, 2008; Margesin et al., 2009; Wang et al., 2015) .
Organisms living in low-temperature environments are generally referred to as psychrophiles or psychrotolerants. Psychrophiles have been defined as species that can grow at a temperature close to 0 C or below; their optimum growth temperature is 15 C and their maximum growth temperature 20 C, respectively. Psychrotolerants can grow close to 0 C, have optimum growth temperatures >15 C and maximum growth temperatures is >20
C (Morita, 1975) .
Many eukaryotic organisms have broader growth temperature ranges; therefore, the above terms were modified to stenopsychrophile and eurypsychrophile. Stenopsychrophile (equating to psychrophile) refers to micro-organisms with a restricted growth temperature range that cannot tolerate higher temperatures. Eurypsychrophile (equating to psychrotolerant) describes micro-organisms that perform well in permanently cold environments, but can also tolerate a wide range of temperatures extending into the mesophilic range (Cavicchioli, 2006) .
Interest in psychrophilic organisms has increased in recent years, as shown by the large number of new taxa of cold-adapted prokaryotes and fungi described in the last years (Buzzini & Margesin, 2014; Margesin et al., 2009; Wang et al., 2015) . However, little research has focused on the biodiversity of organisms growing in snow-covered soil, and most studies are based on molecular data only (Kuhnert et al., 2012; Zinger et al., 2009) . Therefore, we studied fungi growing in snow-covered soil by using a polyphasic approach, integrating selective isolation of fungi actively growing into in-growth mesh bags (Kuhnert et al., 2012) , morphological characterization, determination of the temperature range of growth and phylogenetic analysis.
With this approach, we were able to isolate a selection of psychrotolerant fungi growing at 0 C in snow-covered soil at the Rotmoosferner glacier forefront, among them an isolate of the genus Myrmecridium. This isolate did now grow at temperatures of 25 C and higher, and is here described in detail as the first eurypsychrophilic representative of the genus Myrmecridium. Due to its ability to grow in snow-covered soil during winter, we decided to give it the epithet 'hiemale'.
METHODS
Sampling site and environmental data. The Myrmecridium specimen was isolated at the Rotmoosferner glacier forefront, 2300 m above sea level (a.s.l.), a primary successional site in the Ötz valley in the Stubaier Alpen (Austrian Central Alps). The sampling area was at the moraine of 1858 (46 50¢ N 11 01¢ E), i.e. with approximately 150 years of soil development (Fig. 1) . Soil characteristics at the site were described in detail by Kuhnert et al. (2012) . Briefly, the parent material of the soil is mainly neoglacial moraine till (mica slate and granite with local grains of carbonate minerals) and fluvioglacial sands. The substrate is silty sand. Soils are classified as Leptic and Eutric Regosols. Mean pH values of the unvegetated soil were 7.0 (SD =0.3), mean soil organic matter was 4.1 % (SD =5.8), mean microbial biomass nitrogen was 109 µg N (g soil)
À1
(SD =152) and mean ergosterol content was 6.2 µg (g soil) À1 (SD =10.2) (all soil parameters determined from 10 samples each).
Isolation procedure. Mesh bags were buried in snow-covered, unvegetated soil on 28 November 2007 and harvested on 20 February 2008 . Soil temperatures at 10 cm depth were constantly slightly below 0 C (À0.61 to À0.16 C) (Kuhnert et al., 2012) . Mesh bags were stored at -80 C. Isolation of fungi was carried out on Melin-Norkrams modified medium (MNM), potato dextrose agar (PDA) and synthetic nutrient agar (SNA) (all pH 5.6). Single quartz sand grains were plated on agar plates, incubated at 10 C and inspected daily for fungal growth. Pure cultures were obtained on malt extract agar (MEA), incubated at 10 C until sufficiently grown and then stored at 4 C for further investigation. Sporulation experiments. The Myrmecridium isolate was grown for 1 month on agar plates containing SNA, PDA and 3 % MEA at a temperature of 20 C, and checked for reproductive structures.
Colony growth temperature experiments. The Myrmecridium strain was cultivated on plates containing 3 % MEA. After 1 month, pieces of agar were taken and transferred to new plates with 1 % MEA. The plates were incubated at five different temperatures (10, 15, 20, 25, 30 and 37 C) . Mean colony radius (mm) was measured after 4, 8, 11, 15, 18, 22 and 25 days. The results are expressed as means ± SD of five parallel cultures.
DNA amplification and sequence analysis. Molecular identification of the selected fungal isolates was performed using sequence data of the internal transcribed spacer (ITS) and LSU D1/D2 regions of the rRNA. Total genomic DNA was directly isolated from 100 µg of fungal matter (1-month-old mycelial cultures) using the E.Z.N.A. HP Fungal DNA Kit (Omega Biotek) according to the manufacturer's instructions and then eluted in 100 µl of sterile water. ITS-1, 5.8S rRNA and ITS-2 regions, as well as the D1/D2 domains of the LSU rRNA gene were amplified in 50 µl volume reactions containing 1-10 ng of genomic DNA, using the primer pairs ITS1 Â ITS4, and primers NL1 Â NL4, respectively. PCR products were sequenced from both directions by Microsynth. Sequences are available under GenBank accession numbers KP714695 and KU302612. Sequences were analysed using the Sequencher software (version 5.2.3; Gene Codes). As a first step, BLAST searches were conducted in GenBank (http://ncbi.nlm.nih.gov), and closely related sequences were downloaded. Alignment and phylogenetic analyses were carried out with MEGA 6.0 (Tamura et al., 2013) . The best maximum-likelihood (ML) model was tested before carrying out a ML analysis based on the Kimura two-parameter model and a Gamma distribution with the estimated parameter =0.1169. To evaluate branch robustness of the trees, parsimony-based bootstrap analyses were applied. Bootstrap analyses were conducted by Subtree-PruningRegrafting (SPR) algorithm level 3 in which the initial trees were obtained by the random addition of sequences (five replicates). For the parsimony bootstrap search, all positions with less than 100 % site coverage were eliminated. 
RESULTS

Phylogenetic analysis
Phylogenetic analyses were performed based on the ITS and LSU rRNA gene sequences obtained from the M. hiemale isolate compared with all ITS and LSU sequences currently available in public databases (GenBank) ( Table 1) . Twentyone ITS sequences were used for ML analysis. All positions with less than 95 % site coverage were eliminated, resulting in a total of 447 positions in the final dataset. A Kimura two-parameter model with discrete Gamma distribution (five categories, +G, parameter =0.101) was used. The ML tree with the highest log likelihood (À1041.034) is shown in Fig. 2 Differential diagnosis: M. hiemale differs from all other Myrmecridium species by its eurypsychrophilic growth characteristics (no growth at 25 C and above). Based on morphological characters, M. hiemale can be distinguished from other Myrmecridium species based on the short conidiophores (<100 Reed litter Thailand µm) in combination with clearly septate spores with rounded base and a maximum length of 11 µm (Table S1 ).
Description: Colony morphology, observed after growth on 20 C for 25 days, differs depending on growth medium. Colonies reach a diameter of 35 mm on PDA. The surface is effuse, later becoming phleboid to mucoid with a robust appearance, partly immersed, first whitish then rosy to cinnamon towards the colony centre. Reverse of the plate is ochraceous to pale cinnamon. On 3 % MEA, colonies have a diameter of up to 40 mm, forming a thick mucous mycelial layer with conspicuous hyphal strands formed from the aerial mycelium, pale greyish white, then ochraceous to cinnamon at the centre (Fig.  S3) . On the reverse of the agar plate radial growth is visible, but not as strong as on PDA, and is ochraceous (Figs. S3 and  S4 ) . On 1 % MEA, the colony diameter is 35 mm, mycelium is hyaline to ochraceous, thin, radially growing with inconspicuous filaments, which become encased in a mucoid layer with age; reverse is pale and ochraceous. On SNA, colonies reach a diameter of 35 mm, mycelium is hyaline, superficial mycelium is very scarce and inconspicuous, and mycelium barely immersed, forming a thin layer close to the agar surface; the reverse is hyaline.
Sporulation was observed on SNA, but not on 1 % MEA, 3 % MEA or PDA. Microscopic characteristics are therefore described from SNA.
Conidiophores arising vertically from creeping areal hyphae, unbranched and straight to geniculate-sinuous, thin-walled to progressively thick-walled, reddish brown, up to 80 µm long and with a diameter of 3.0-4.5 µm, 1-6 septate: length (40-) 56±12 (-82) µm, diameter (3-) 3.6±0.4 (-4.3) µm.
Conidiogenous cells integrated in distinct conidiophores, cylindrical, 6.6±2.0 µm long, 3.5±1.0 µm in diameter (n = 5) (min. length 4.3 µm, max. length 9.4 µm, min. diameter 2.2 µm, max. diameter 4.9 µm), with 2-4 septae, forming a rachis with scattered pimple-shaped denticles which are less than 1 µm long and approx. 0.5 µm in diameter, apically pointed, pigmented, slightly thick-walled.
Conidia solitary, hyaline, thin-walled, smooth, with a winglike gelatinous sheath up to 0.5 µm thick, with one characteristic septum, but young conidia can also be aseptate (septa are best seen when stained with cotton blue), ellipsoid to obovoid to fusoid, tapering to a hilum, the hilum being unpigmented and not darkened. Conidia are (5.4-) 7.3-9.9 (-10.9)Â(1.8-) 2.2-3.0 (-4.0) µm. The mean length of conidia is 8.6±1.3 µm, and mean diameter is 2.6±0.4 µm (n=30) (Figs 3 and S5 ).
Mycelia consist of hyaline, thin-walled and smooth hyphae with a diameter of 2.4±1.2 µm (n=5) (min. diameter 1.2 µm, max. diameter 4.2 µm) at 20 C. Habitat: M. hiemale was isolated from quarz-sand-filled ingrowth mesh-bags buried in snow-covered alpine soil without vegetation cover (2300 m a. s. l.) at temperatures of 0 C. Alpine plants grow in the close surroundings. It is likely that plant debris was deposited on the surface of the investigated bare soil plots during winter, providing soil organic matter for fungal growing beneath the snow cover.
Key to Myrmecridium spp. Conidia septate, septum best seen in cotton blue 7 6* Conidia usually without septum 9 7
Conidia usually shorter than 11 m 8 7* Conidia longer than 14 m and narrow (spore length / spore width = quotient Q >5) fi M. iridis Crous 8 No growth at 25 C fi M. hiemale 8* At 25 C colonies reaching up to 20 mm diameter in 2 weeks fi M. phragmitis Crous 9
Conidia usually longer than 10 m fi M. banksiae Crous 9* Conidia usually shorter than 10 m fi M. spartii Crous & R.K. Schumach
DISCUSSION
The order Myrmecridiales and family Myrmecridiaceae were recently established to accommodate members of the genus Myrmecridium (Crous et al., 2015a) .
Nine Myrmecridium species plus one variety are currently known (Arzanlou et al., 2007; Crous et al., 2011 Crous et al., , 2012 Crous et al., , 2013 Crous et al., , 2015a Jie et al., 2013) (Table S1 ). Most recently described species are known from the type locality only, and have been described based on morphological characters and phylogenetic lineage; Typus collections as well as LSU and ITS sequences are available for all of these comparatively new Myrmecridium species. However, the identity of M. schulzeri remains unclear. M. schulzeri was first described from Europe in 1884 by Saccardo as Psilobotrys schulzeri Sacc. Based on database searches and phylogenetic analyses, this epithet was applied to a variety of Myrmecridium isolates originating from Europe, Japan, USA, Africa, Papua New Guinea, China and Australia: up to five lineages of Myrmecridium isolates named 'M. schulzeri' could be identified based on the analysis of LSU data (Fig. S1 ). Most were isolated from soil, or were detected as plant endophytes. Within the ITS phylogram, two 'M. schulzeri' were detected: one lineage represents a species isolated from Cannomois virgata in South Africa (Arzanlou et al., 2007; Luo et al., 2014) , and the other consists of fungi isolated from sugarcane, from soil in China and from marine sediment from South China, and as endophytes (Luo et al., 2014; Shrestha et al., 2011) .
Further research is needed to clarify the identitiy of all these lineages, to allow for a neotypification of M. schulzeri. This will also, we hope, result in the formal description of the other lineages as novel Myrmecridium species, and increase our knowledge on the species diversity and ecology of the genus Myrmecridium.
Species of the genus Myrmecridium appear to have a worldwide distribution; the longest known species, M. schulzeri, was reported from a wide range of substrates and geographically different and distant areas. However, the majority of Myrmecridium species were described only recently, explaining why knowledge of their distribution and substrate specificity is still lacking. Based on phylogenetic analysis, M. schulzeri appears to be a species complex rather than a single taxon. This will require further evaluation. We therefore hypothesize that substrate and habitat specificity could be an important factor in Myrmecridium biology.
Myrmecridium species are slow growing and have therefore not been isolated very frequently. Selective isolation of slower-growing fungi on a medium containing the anthracycline antibiotic daunomycin could be a promising technique, which enhances the possibility for isolation of rare fungi from the environment (Sugimoto et al., 2008) .
Myrmecridium was first regarded as a saprobial fungus, but recent research highlights the potential role of Myrmecridium as plant endophytes: Myrmecridium species were reported as endophytes from the medicinal plant Bauhinia forficata in Brazil (Bezerra et al., 2015) and from Holcoglossum plants (Orchidaceae) in China (Tan et al., 2012) . Among endophytes isolated from Bauhinia forficate, M. schulzeri was reported to be one of the best producers of extracellular hydrolytic enzymes (cellulases, xylanases and lipases). Moreover, this taxon was also detected as a leaf litter species from the Caatinga ecosystem in Brazil, showing cellulase production ability even in extreme environments (Bezerra et al., 2015) .
M. hiemale grows better at 20 C than at 4 and 10 C, prompting its classification as a eurypsychrophilic or psychrotolerant fungus. It is the only presently known Myrmecridium species adapted to cold environments. Based on the fact that it was isolated from mesh bags filled with sterile quartz sand, we deduce that this fungus can grow through inert substrate in search for suitable nutrients. Although we cannot exclude that M. hiemale is an endophyte during the vegetative period, it is obviously able to grow as a saprobial fungus in snow-covered soil. For growth in such an environment, a fungus needs well-developed enzymatic capacities for hydrolysing recalcitrant plant residues: the dominating plants in this habitat were Kobresia myosuroides, Salix retusa and Persicaria vivipara. Future research might clarify whether M. hiemale is already present as an endophyte in one of these plants during the vegetative period.
